We report here on physical properties and lattice distortion in the new quasi-onedimensional spin system TiOBr by x-ray diffraction experiment using synchrotoron radiation.
The inorganic compound CuGeO 3 has proven to be a first inorganic spin-Peierls system and a lot of works, both theoretical and experimental, has been devoted to this material. 1, 2 After the discovery of this material, impurity effect on the spin-Peierls compound was examined. 3 Neutron scattering experiments on CuGe 0.993 Si 0.007 O 3 demonstrated the coexistence of the Bragg spot intensities for both lattice dimerization and antiferromagnetic (AF) orderings at low temperature. 4 The two Bragg spots are resolution limited, which implies that the two orderings are truly long ranged. The result was very surprising since the two orderings had been shown to be exclusive in homogeneous systems. A theoretical proposal was presented for understanding of this remarkable phenomenon using phase Hamiltonian technique at T = 1/9 0K. 5 This fact suggests that a new phenomenon can be created by a new perturbation such as orbital and charge degrees of freedom.
Recently, the layered compound TiOCl has been suggested to be a new spin-Peierls system with one-dimensional (1D) orbital ordered array, by which 1D chain composes. 6 This material has long been believed to be a S=1/2 two-dimensional antiferromagnet because of the layered structure and having a very small and temperature independent magnetic moment, 7 which suggests that the ground state is the Resonating-Valence-Bond (RVB) state in the Mottinsulator.
The structure of TiOCl is of FeOCl type, where the TiO 4 Cl 2 bilayers separate from each other along c-axis. The distorted TiO 4 Cl 2 octahedra build an edge-shared network. The nearest-neighbor Ti ions form a staggered site by a/2 and b/2 between each layer along the aand b -axis. The next-nearest-neighbor Ti ions form an edge-shared Ti ion along b -axis in the same plane. The most important exchange path is direct t 2g orbital overlap, rather than superexchange interaction. In this case, the chains are expected to form along a-or b-axes [see Fig.1 b) and c) in Ref. 6 ]. However, by comparing ESR measurements to angular overlap model (AOM) 8 and by generalized gradient approximation (GGA) which suggests that TiOCl is subject to large orbital fluctuations driven by the electron-phonon coupling, 9 a uniform S = 1/2 chains are suggested to form along b-axis because of the occupied Ti dxy orbital. The temperature dependence of susceptibility can be fitted using S = 1/2 Bonner-Fisher curve with an exchange constant of J = 660K, and can be observed a sharp drop at T c1 = 67K and a pronounced kink at T c2 = 95K. It was also observed by the NMR measurement that the opening of the pseudo-spin gap at T * ∼ 135K. 10 The pseudo-spin gap energy was evaluated to be ∆ NMR ∼ 430K by NMR 10 and 2∆ opt ∼ 430K by optical measurement below T c1 . 11, 12 In spite of such a large pseudo-spin gap, the phase transition is suppressed by a strong coupling between spin and lattice degrees of freedom and orbital fluctuation, and as the result, is realized the spin gap state at T c1 . TiOCl is possible to be an 1D system by the formation of the orbital ordering along b-axis, and finally the system causes the spin-Peierls instability driven by the electron-phonon interaction.
It is expected that the 1D nature in TiOBr is weaker than that in TiOCl, because the lattice parameter ratio (a-axis/b-axis) in TiOBr is smaller than that in TiOCl. Actually, physical properties of 1D nature obtained by the temperature dependence of susceptibility in TiOBr are proportionally weaker than that in TiOCl. 13 Although the measurement for possible structural phase transition has been examined by x-ray and neutron powder diffraction, it has not yet been found.
In this letter, we present the observation of the superlattice reflections probably due to the spin-Peierls transition by the SR x-ray diffraction in the low dimensional quantum spin system TiOBr. The polycrystalline samples were characterized by the x-ray powder diffraction, which showed a small amount of Ti 2 O 3 phase. To characterize the single crystal, the x-ray powder diffraction, EPMA and Laue technique were employed, which shows no evidence of impurity phase and its composition being stoichiometric.
Magnetic susceptibility was measured using a DC SQUID magnetometer (MPMSR2, Quantum Design) at 5.5 T. For precise crystal structure determination, SR x-ray powder diffraction experiments were carried out by large Debye-Scherrer camera installed at BL02B2, SPring-8. 15 The exposure time of x-ray was 160 min. reciprocal plane parallel to the χ-axis.
In Fig. 1 , the susceptibility data for TiOBr were obtained from the polycrystalline samples.
Although the temperature dependence of susceptibility in TiOBr resemble that in TiOCl, 6, 8 we observed a small hysteresis curve in TiOBr due to a different cooling process (field cooling and zero field cooling processes) below 280K. The data in Fig. 1 are subtracted the Van-Vleck of the susceptibility at T c1 = 27K and T c2 = 46K, which are defined by the value of the differentiated susceptibility. In addition, we observed the third anomaly around 10K (T c3 ) at which susceptibility increases again with decreasing temperature. The ratio 2∆/k B T c1,c2 = 6.5∼11 is smaller than 2∆/k B T c1,c2 = 9∼13 of TiOCl, 10 and these values are much larger than 3.5 expected from BCS theory. Figure 2 shows the Rietveld analysis of the SR x-ray diffraction pattern for polycrystalline TiOBr at 300K for which the orthorhombic P mmn model was fitted. Table. 1 shows atomic parameters at 300K and its lattice parameters at 300, 27 and 12K. It was finally confirmed that the TiOBr has a same crystal structure with that of TiOCl. 18 Our x-ray diffraction analysis shows that the structural difference between TiOBr and TiOCl is mainly its lattice parameter. From the temperature dependence of the structural analysis, superlattice reflction due to lattice distortion was not observed between the lowest temperature and room temperature. This is probably due to the weak intensity of the superlattice reflection in the powder reflection data. However, lattice parameters decrease with decreasing temperature, in particular b-axis drastically changes, which confirms the development of intra-interaction with decreasing temperature. Table 2 shows the summary of the physical properties both in TiOBr and TiOCl. As shown in Table 2 , roughly speaking, the value of the physical properties in TiOBr are 30'50% smaller than these of TiOCl. This corresponds that b-axis in TiOBr is longer than that in TiOCl, namely the intra-chain exchange in TiOBr is weaker than that in TiOCl. Moreover, although there is no significant difference of Ti-Ti distance along a-axis between TiOCl and TiOBr, the Ti-Ti distance along b-axis is significantly different between them.
Seidel et al. interpreted the abrupt drop of the susceptibility at T c1 (=67K) as a transition into a spin-Peierls state 6 in TiOCl. We have clearly observed the broad anomalies in heat capacity at T c1 and T c2 , and change of the relaxation rate in µSR and of ESR signal under high magnetic field at T c1 , T c2 and T c3 . 19, 20 What is happened at T c1 in this system? In order to search the superlattice reflections, we
have performed a precise x-ray scattering measurement by using the single crystal of TiOBr.
Consequently, we observed superlattice reflections at (0 1.5 0) and (0 2.5 0) by SR x-ray diffraction, which evidenced the lattice distortion in single crystal of TiOBr. The temperature dependence of intensities of superlattice reflections (0 1.5 0) and (0 2.5 0) are shown in Fig.3 .
With increasing temperature, the intensities gradually decreased, and suddenly dropped at
Although it is not shown in Fig.3 , this phase transition has thermal hysteresis around T c1 , suggesting that this transition is of first order. Although the intensities above T c1 are small, the intensities seem to still survive between T c1 and T c2 .
Degree of lattice distortion (δ) was estimated from the superlattice reflections. The intensities of (0 1.5 0) and (0 2.5 0) reflections were normalized by (0 2 0) main reflection. Since In summary, we have reported the magnetic properties and structural analysis in TiOBr.
From the structural analysis, we found that TiOBr has a similar crystal structure with that of TiOCl except a large difference of b-axis length, as shown in Table 2 . However, we emphasize here that the b-axis difference substancially affect the one dimensionality for both systems.
From the single crystal x-ray diffraction measurements, we clearly observed the superlattice reflections along b-axis, which is of first order transition. We tried to fit the intensities of the superlattice reflection to the simple dimerization model as shown in Fig.4 . More detailed 7/9 experiment for the crystal structure determination is now in progress which will be published in near future.
We would like to thank S. Kimura 
